Shorter sleep duration is linked to obesity, coronary artery disease, and diabetes. Whether sleep deprivation during the postpartum period affects maternal postpartum weight retention remains unknown. This study examined the association of sleep at 6 months postpartum with substantial postpartum weight retention (SPPWR), defined as 5 kg or more above pregravid weight at 1 year postpartum. The authors selected 940 participants in Project Viva who enrolled during early pregnancy from 1999 to 2002. Logistic regression models estimated odds ratios of SPPWR for sleep categories, controlling for sociodemographic, prenatal, and behavioral attributes. Of the 940 women, 124 (13%) developed SPPWR. Sleep distributions were as follows: 114 (12%) women slept 5 hours/day, 280 (30%) slept 6 hours/day, 321 (34%) slept 7 hours/day, and 225 (24%) slept 8 hours/day. Adjusted odds ratios of SPPWR were 3.13 (95% confidence interval (CI): 1.42, 6.94) for 5 hours/day, 0.99 (95% CI: 0.50, 1.97) for 6 hours/day, and 0.94 (95% CI: 0.50, 1.78) for 8 hours/day versus 7 hours/day (p ¼ 0.012). The adjusted odds ratio for SPPWR of 2.05 (95% CI: 1.11, 3.78) was twofold greater (p ¼ 0.02) for a decrease in versus no change in sleep at 1 year postpartum. Sleeping 5 hours/day at 6 months postpartum was strongly associated with retaining 5 kg at 1 year postpartum. Interventions to prevent postpartum obesity should consider strategies to attain optimal maternal sleep duration.
Sleep patterns have been linked to weight gain, development of obesity and chronic disease, and mortality in adults. Both shorter and extended sleep have been linked to higher mortality rates in men and women (1, 2) . Sleep curtailment has been associated with a higher prevalence of obesity in adults (3, 4) , greater weight gain in young adults (5) , and development of coronary artery disease and diabetes in women (6) (7) (8) . Conversely, extended sleep duration (>8 hours) has also been linked to greater risk of coronary artery disease in women (7) and development of type 2 diabetes in men (8) . Although lower energy expenditure or underlying disease may explain why longer duration of sleep is associated with obesity, the biologic mechanism for fewer hours of sleep and obesity is more elusive. Persistent sleep deprivation results in physiologic changes, including release of the adipocyte hormones leptin and ghrelin, which stimulate appetite, or other stress hormones such as cortisol, which may lead to overeating and subsequent obesity (9, 10) . Major alterations of glucose tolerance occur during sleep, and sleep quality has been shown to markedly affect glucose utilization (11) .
The first postpartum year is characterized by dramatic alterations in sleep patterns for women (12) . Substantial sleep curtailment follows delivery and may persist for several weeks to months, depending on infant size and developmental attributes affecting sleep. Sleep disturbances occur most often within the first month postpartum, particularly after a first birth (12, 13) . Few studies have assessed the average maternal sleep time cross-sectionally or longitudinally beyond the puerperium or through the first year postpartum. Clinical studies limited to samples of fewer than 50 women have examined sleep patterns within several weeks after delivery in relation to mood, cognition, and mental health in women (12, (14) (15) (16) . To our knowledge, the relation of postpartum sleep patterns to other physiologic aspects of maternal health, such as postpartum weight retention, has not been reported.
This study examines the association of postpartum sleep duration with substantial postpartum weight retention, defined as a gain of 5 or more kg above preconception body weight at 1 year after delivery. The objectives were to determine the extent to which 1) shorter or longer sleep durations at 6 months postpartum are associated with substantial weight retention at 1 year postpartum, controlling for sociodemographic, prenatal, and behavioral correlates, and 2) change in sleep duration from 6 months to 1 year postpartum is associated with substantial weight retention at 1 year postpartum.
MATERIALS and METHODS

Study subjects
Subjects were participants in Project Viva, an observational, longitudinal cohort study of prenatal dietary intake and lifestyle behaviors, pregnancy outcomes, and offspring health. Women were recruited at their initial prenatal visit at one of eight urban and suburban obstetric offices in a multispecialty group practice in eastern Massachusetts from 1999 to 2002. Eligibility criteria included fluency in English, gestational age less than 22 weeks at the initial prenatal appointment, and singleton pregnancy. A total of 2,128 women who delivered a live infant were enrolled in Project Viva. Recruitment and retention details have been summarized (17, 18) . All women provided informed consent, and all procedures were in accordance with the ethical standards for human subjects established by the Declaration of Helsinki (19) .
Of the 2,128 women, we excluded women who smoked during or after pregnancy (n ¼ 105), reported an intercurrent pregnancy between the index delivery and 1 year postpartum (n ¼ 159), dropped out (n ¼ 82), or were lost to follow-up (n ¼ 344) at 6 months postpartum. Of the 1,438 women remaining, 1,003 completed both 6-month and 1-year postpartum assessments. We excluded nine women missing hours of sleep at both time points, 34 women missing prepregnancy or 1-year postpartum weights, and 20 women missing gestational weight gain or lactation data. The analytical sample included 940 women. The women excluded were more likely to be non-White and less educated, but age, prepregnancy body mass index, and gestational weight gain were similar.
Data collection
Participants reported sociodemographic, prenatal, and behavioral characteristics via self-administered questionnaires at in-person interviews during early pregnancy and at 6 months postpartum and via mail at 1 year postpartum. We queried women about sleep duration at 6-month and 1-year postpartum assessments. Women reported their prepregnancy weight at the first prenatal visit and their current weight at 1 year postpartum via mailed questionnaires. We assessed duration of exclusive breastfeeding at 6 months postpartum and any breastfeeding at 1 year postpartum. We abstracted maternal prenatal and infant newborn characteristics from medical records.
Substantial postpartum weight retention
We defined weight retention at 1 year postpartum as the difference between self-reported weight at 12 months after delivery (mean ¼ 13.2 (standard deviation (SD): 1.1) months) and self-reported prepregnancy weight. Postpartum weight retention was dichotomized as either substantial (5 kg; SPPWR) or not substantial (<5 kg; not SPPWR) at 1 year postpartum as a clinically relevant endpoint that affects 14-20 percent of women in previous studies (20) .
To determine the reporting error using self-reported prepregnancy weight, we compared the weights for 170 participants who had clinic visit measurements recorded within 3 months of their last menstrual period for the index pregnancy with self-reported prepregnancy weight at the first trimester visit. The correlation coefficient between the two weights was 0.99, with underreporting of prepregnancy weight averaging 1 kg. Correlation coefficients and reporting error did not differ by maternal race/ethnicity or gestational age at enrollment into the study.
Because weights before and 1 year after delivery were both self-reported, estimates of 1-year postpartum weight retention should maintain the rank order of individuals for actual weight change, assuming that the underreporting bias did not vary over time within an individual. Thus, by dichotomizing the variable for postpartum weight retention, we should have minimized any potential bias from self-report.
For the 786 women with measured weights at 6 months postpartum, we calculated weight loss from delivery to 6 months postpartum and from 6 months to 1 year postpartum.
Postpartum sleep duration
At 6 months postpartum and at 1 year postpartum, women reported hours of sleep within a 24-hour period, as well as self-perception of their sleep adequacy (adequate or inadequate). Two questions were posed: 1) ''In the past month, how many hours of sleep do you get in an average 24-hour period?'' and 2) ''In the past month, do you feel that you are getting enough sleep?'' The responses were integers for hours of sleep and were categorized into one of four groups (5, 6, 7, and 8 hours per day) at each time period-6 months and 1 year postpartum. These categories are consistent with studies of nonpregnant adults (2, 4, 8, 21) . We selected 7 hours/day as the referent category because previous studies found that fewer than 7 hours of sleep were directly associated with mortality (2) and obesity (4) . Change in sleep duration was defined as the difference between hours reported at 1 year and 6 months postpartum. The three categories included decrease, no change (referent group), or increase in hours of sleep per 24 hours.
Other covariates
We abstracted weight measurements obtained at visits to prenatal health-care providers from medical records. Women reported both prepregnancy weight and height during early pregnancy, and these were used to calculate body mass index (weight (kg)/height (m)
2 ). Prepregnancy body mass index was categorized as normal weight (<26), overweight (26-29.9) , and obese weight (>29) on the basis of Institute of Medicine guidelines (22) . The last measured weight before delivery (from prenatal visit) was used to estimate gestational weight gain, defined as the difference between the last measured weight during pregnancy and the self-reported prepregnancy weight. We categorized gestational weight gain as inadequate, adequate, or excessive on the basis of Institute of Medicine recommendations of 12.5-18 kg, 11.5-16 kg, 7-11.5 kg, and 6-11.5 kg for the prepregnancy body mass index categories <19.8, 19.8-26.0, 26.1-29.0, and >29.0, respectively (22) .
Sociodemographic variables self-reported during pregnancy included the following: age, 24, 25-34, or 35 years; race/ethnicity, Black, White, Hispanic, or other; parity before the index pregnancy, nulliparous, primiparous, or multiparous; marital status, married/cohabitating or single (never married/divorced/separated/widowed, other); education, some college or less, 4-year college graduate, or postgraduate; and household income, <$40,000, $40,000-$70,000, >$70,000, or don't know/missing.
We also abstracted maternal pregnancy complications and neonatal outcomes from medical records. The categories for blood pressure status are preeclampsia, normotensive, chronic hypertension, or missing (23) and for glycemic status are gestational diabetes mellitus, impaired glucose tolerance, normoglycemia, or missing according to American Diabetes Association criteria (24) . For neonates, we calculated birth weight for gestational age z scores to derive size for gestational age (25) and categorized them as average for gestational, small for gestational (<10th percentile), and large for gestational (>90th percentile) age. Preterm birth was <37 weeks, and a term birth was 37 weeks' gestation.
During in-person visits at 6 months postpartum, participants completed questionnaires regarding their current employment, lifestyle behaviors, and postpartum depression. We categorized employment as 35 hours/week full-time, 25-34 hours/week part-time, <25 hours/week part-time, or not employed. Women reported information about intentional dieting and weight loss, dietary intake, and physical activity/inactivity (television and video viewing) levels. We assessed dietary intake with a validated, brief food frequency questionnaire that included 21 questions about quantities of foods and food groups (26) (27) (28) . Daily dietary intakes of energy, fat, carbohydrate, fiber (quartiles), and other nutrients were calculated by use of the Harvard Nutrient Database (27, 28) . Energy adjustment was achieved via the nutrient residual method (29) . We assessed physical activity and inactivity on the basis of the leisure-time activity section of the Physical Activity Scale for the Elderly (30) . We modified these questions for the Project Viva postpartum cohort by asking women to recall the average hours/ week of each activity over the previous month instead of the previous 7 days. The physical activity measure has been associated with postpartum weight retention (31) . We assessed maternal postpartum depression with the Edinburgh Postpartum Depression Scale and dichotomized scores 13 as depression or <13 as no depression (32) .
We categorized duration of exclusive breastfeeding at 6 months postpartum as 0-<1, 1-<3, 3-<6, or 6 months and any breastfeeding at 1 year postpartum as 0-<1, 1-<3, 3-<6, 6-<9, or 9-12 months.
Statistical methods
Preliminary analyses involved description of participant characteristics using means and standard deviations for age, sleep duration, and postpartum weight retention. We also examined the mean for postpartum weight retention and other maternal characteristics across categories of sleep duration at 6 months postpartum using analysis of variance. We described frequency distributions by number and percent for the sleep duration categories by SPPWR and used chi-square statistics to assess the overall association for levels of maternal and infant characteristics with SPPWR. We calculated odds ratios and 95 percent confidence intervals for each level of a given characteristic in relation to a selected referent group. p values were obtained from twosided tests (significance of <0.05).
Multivariable logistic regression models were used to evaluate the association between sleep duration and SPPWR. Covariables associated with SPPWR based on bivariate (unadjusted) analyses were included in multivariable models to control for confounding and to assess their individual association with SPPWR. A parsimonious model was developed by selecting covariables on the basis of their impact on odds ratios of SPPWR for sleep duration categories as well as p values. Infant prematurity and size for gestational age, length of gestation, gestational hypertension, gestational glycemia, income, employment, depression status, and exclusive breastfeeding were not retained in the adjusted models, because they were either not associated with SPPWR independent of sleep duration, or their removal from the model had minimal influence on the odds of SPPWR associated with sleep duration. Of postpartum behavioral attributes, we identified duration of any breastfeeding at 1 year and dietary fiber intake as potential confounders. Among dietary constituents, fiber intake was most strongly associated with both SPPWR and sleep duration.
We constructed three logistic regression models to demonstrate the separate impact of sociodemographic, clinical prenatal, and postpartum behavioral attributes on the odds ratios for SPPWR among sleep duration categories (models 1, 2, and 3). To a fourth model, we added change in sleep duration. Models 3 and 4 were based on 865 women because of missing dietary and physical activity data (n ¼ 75). Goodness-of-fit for the logistic regression models was assessed by log likelihood.
RESULTS
For the 940 participants, the mean age was 33.0 (SD: 4.7) years, prepregnancy body mass index was 24.3 (SD: 4.7) kg/m 2 , and 22 percent classified themselves as other than White. Reflective of a generally employed and insured managed-care population, relatively few women had less than a college degree (24 percent) or had annual household incomes below $40,000 (10 percent).
At 1 year postpartum, the mean weight retention was 0.8 (SD: 4.5) kg (range: ÿ17.3 to 25.5), and 124 (13 percent) had SPPWR. The mean for hours of sleep per 24-hour period at 6 months postpartum was 6.7 (SD: 1.2) hours/day. Sleep duration categories were distributed as follows: 5 hours/day (n ¼ 114, 12 percent); 6 hours/day (n ¼ 280, 30 percent); 7 hours/day (n ¼ 321, 34 percent); and 8 hours/day (n ¼ 225, 24 percent). Women across sleep categories had similar gestational weight gains (15 kg), but those who slept 5 hours/ day had a slightly higher mean prepregnancy body mass index (25 vs. 24 kg/m 2 ) and were more likely to be multiparous than women who slept 7 hours/day (data not shown).
The mean for hours of sleep per 24-hour period at 1 year postpartum was 7.0 (SD: 1.1) hours/day. More women reported longer sleep durations at 1 year than at 6 months postpartum with fewer women, 45 (5 percent) and 256 (27 percent) reporting 5 hours/day or 6 hours/day, respectively, and greater proportions, 356 (38 percent) and 283 (30 percent) reporting 7 hours/day or 8 hours/day, respectively.
Among 786 women, the net weight loss averaged 2 kg per month for the first 6 months and 0.3 kg per month for the subsequent 6 months postpartum, with a similar trajectory of weight loss among prepregnancy body mass index groups. The mean weight loss from 6 months to 1 year postpartum was ÿ1.5 (SD: 3.0) kg in normal weight and ÿ1.9 (SD: 4.7) kg in overweight women. The mean weight loss between 6 months and 1 year postpartum was lower with shorter sleep duration: ÿ1.2 (SD: 3.2) kg for 5 hours/day, ÿ1.7 (SD: 3.5) kg for 6 hours/day, ÿ1.5 (SD: 3.4) kg for 7 hours/day, and ÿ1.8 (SD: 3.7) kg for 8 hours/day.
The mean for 1-year postpartum weight retention across categories of sleep duration at 6 months postpartum (figure 1) shows a J-shaped relation, with a mean of 1.6 (95 percent confidence interval (CI): 0.7, 2.5) kg for 5 hours/day, 0. Table 2 shows the maternal sociodemographic and prenatal characteristics examined as potential confounders of the sleep and SPPWR association. The characteristics, in order of magnitude of their direct associations with SPPWR, were age less than 25 years, single status, less education, lower household income, non-White race/ethnicity, excessive gestational weight gain, gestational hypertension, obesity before pregnancy, and multiparity.
The maternal characteristics at 6 months postpartum most strongly associated with SPPWR in unadjusted analyses (table 3) included higher physical inactivity (television/ video viewing), consuming lower levels of dietary fiber, dieting intentionally, shorter duration of exclusive breastfeeding, and postpartum depression. Women with a shorter duration of any breastfeeding through 1 year postpartum were twice as likely to have SPPWR.
In multivariable models (table 4) , we examined the association of sleep duration at 6 months postpartum and SPPWR after taking into account maternal sociodemographic, prenatal, and behavioral attributes. The sociodemographic and prenatal attributes moderately confounded the crude odds ratio for 5 hours/day of sleep and SPPWR (unadjusted OR ¼ 3.08 vs. ORs ¼ 2.24 and 2.20, respectively, from models 1 and 2). In model 3, the adjusted odds ratio for sleeping 5 hours/day versus 7 hours/day was strengthened from 2.20 to 2.32 (95 percent CI: 1.14, 4.71) with the addition of postpartum behaviors (breastfeeding at 1 year, dietary fiber intake, physical inactivity). The crude association of 8 hours/day of sleep with SPPWR was abolished with adjustment for potential confounders (models 1, 2, and 3). In model 4, the addition of change in sleep duration between 6 months and 1 year postpartum strengthened the association between shorter sleep duration (5 hours/day vs. 7 hours/ day) at 6 months postpartum and SPPWR (OR ¼ 3.13, 95 percent CI 1.42, 6.94) with little influence on the other sleep duration category estimates. A direct association with SPPWR was also observed for a decrease in sleep between 6 months and 1 year postpartum (OR ¼ 2.05, 95 percent CI: 1.11, 3.78) versus no change in hours/day of sleep duration adjusted for covariables.
DISCUSSION
This study found that women reporting shorter sleep duration (5 hours within a 24-hour period) at 6 months postpartum were 2.3 times more likely to retain at least 5 kg at 1 year independent of potential confounders including maternal sociodemographics, prepregnancy body mass index, gestational weight gain, parity, and postpartum behaviors. Furthermore, the association of 5 hours per day of sleep at 6 months postpartum and substantial weight retention was strengthened to a threefold greater risk after controlling for subsequent change in sleep duration from 6 months to 1 year postpartum. Women who reported a reduction in hours of sleep at 1 year postpartum were two times more likely to have substantial postpartum weight retention. Longer sleep duration (8 hours/24-hour period) was not associated with substantial postpartum weight retention independent of other maternal risk factors. Our findings indicate that postpartum sleep deprivation reported at 6 months postpartum and a decrease in sleep duration in the subsequent 6 months are each associated with substantial weight retention at 1 year postpartum.
Our findings that several maternal sociodemographic, prenatal, and behavioral attributes were associated with substantial postpartum weight retention are consistent with previous studies, except for the higher risk associated with mulitparity in our cohort. Numerous studies have reported that gestational weight gain (33) (34) (35) (36) (37) (38) (39) (40) and pregravid obesity (20, 39, 41, 42) strongly influence postpartum weight retention. Other maternal attributes less consistently or only weakly associated with average or substantial postpartum weight retention include primiparity, demographics (low income, educational level), and modifiable lifestyle changes such as lactation, employment outside the home, physical activity, and dietary intake (31, 34, 38, 40, 43, 44) . Sleep curtailment may be another important influence on postpartum weight changes associated with childbearing. Potentially, postpartum sleep deprivation that persists for several months after delivery may promote higher levels of gestational weight retention in women during the postpartum period. Total sleep time estimated by polysomnography (subjects, n < 30) averages 372 minutes at 1 month and 390-420 minutes at 3 months postpartum (12) as compared with 6.7 hours in our study. The biologic plausibility for our findings that sleep influences weight changes has been demonstrated among adults in general. In men and women, both restricted and extended sleep durations have been associated with greater risk of obesity and chronic disease in epidemiologic studies (6) (7) (8) . Experimental studies provide evidence in humans for a biologic mechanism to explain these associations. In a randomized trial, restriction of the amount of sleep for 2 days resulted in changes in the levels of certain hormones controlling appetite (9) . Sleep restriction reduced levels of the fat-derived hormone, leptin, and increased levels of the stomach-derived hormone, ghrelin, which have the combined effect of stimulating hunger (9) . A correlation was seen between the increasing ratio of ghrelin to leptin and increasing appetite. These findings support the hypothesis that sleep curtailment increases appetite and perhaps leads to obesity (3). Another explanation is that cortisol levels may be increased as a result of the stress of sleep curtailment or other unknown factors and may be the true cause of the increased hunger.
The potential limitations of our study include lack of data on sleep duration before and during pregnancy and that we were unable to examine sleep duration at within 1 month postpartum when sleep disturbance is most intense. Our finding that the association of postpartum sleep deprivation and substantial weight retention 1 year after delivery was not due to differences in gestational weight gain or prepregnancy obesity supports the hypothesis that sleep duration in the postpartum period may influence weight changes. However, we cannot determine whether the greater weight retention is related to shorter sleep duration that preceded pregnancy. Our study also did not collect data on sleep patterns to determine whether the number of sleep intervals in addition to the total time may be important to maternal weight change. We could not ascertain in this study whether sleep deprivation reported at 6 months postpartum had persisted since the early postpartum period. Self-report of prepregnancy and postpartum weights and missing behavioral data for 8 percent of the sample are limitations. The high educational level and mostly White participants may limit the generalizability of our findings.
The strengths of our study that outweigh the limitations include its prospective nature; examination of sociodemographic, clinical, and behavioral parameters that influence maternal postpartum weight changes; collection of weight data before, during, and after pregnancy; and self-reported sleep duration at 6 months and again at 1 year postpartum in a large cohort.
Our findings are provocative in raising the question of whether changes in sleep during the postpartum period influence development of obesity in women. Our study provides evidence that sleep curtailment at 6 months postpartum is associated with substantial postpartum weight retention at 1 year independent of gestational weight gain and pregravid body mass index, the strongest predictors of weight retention (20, 41) , as well as sociodemographic and postpartum behavioral attributes. The association of 5 hours/day of sleep with substantial weight retention is similar in magnitude to and, therefore, in relative importance to the association observed for gestational weight gain above the Institute of Medicine recommendations. Another important finding is that decrease in sleep duration between 6 and 12 months postpartum was associated with greater weight retention. These findings open the possibility that modifying sleep duration during the postpartum period could help to prevent postpartum weight retention, but intervention studies are required. Additional research is necessary to identify predictors of shortened postpartum sleep duration, to examine whether sleep patterns influence postpartum weight changes, and to determine whether sleep duration during the early postpartum period (e.g., 4-6 weeks) has a similar impact on weight retention.
